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Using both DFT as well as G0W0 calculations, we investigate static and dynamic effects on the
phosphorene band gap upon deposition and encapsulation on/in BN multilayers. We demonstrate
how competing long- and short-range effects cause the phosphorene band gap to increase at low
P−BN interlayer spacings, while the band gap is found to drop below that of isolated phosphorene
in the BN/P bilayer at intermediate distances around 4 A˚. Subsequent stacking of BN layers, i.e.
BN/BN/P and BN/BN/BN/P is found to have a negligible effect at the DFT level while at the
G0W0 increased screening lowers the band gap as compared to the BN/P bilayer. Encapsulation
between two BN layer is found to increase the phosphorene band gap by a value approximately twice
that observed when going from freestanding phosphorene to BN/P. We further investigate the use
of the GLLB-SC functional as a starting point for G0W0 calculations showing it to, in the case of
phosphorene, yield results close to those obtained from GW0@PBE calculations.
I. INTRODUCTION
In 2014 a new type of material consisting of a black-
phosphorus monolayer (phosphorene) was first synthe-
sized [1–4]. Phosphorene has quickly become the subject
of considerable research interest due to its attractive op-
tical gap between 1.3 eV [5], 1.45 eV [2], 1.75 eV [6] and
1.73 eV [7] as well as high charge-carrier mobility [8]. The
material is further made appealing by the anisotropy of
its transport properties, with electrons and holes possess-
ing notably different effective masses along the phospho-
rene armchair and zig-zag direction.
While being extremely attractive as an object of study,
pristine phosphorene unfortunately suffers from rapid
degradation by oxygen under ambient conditions [9]. A
natural remedy for this problem consists in protecting the
phosphorene layer by capping or encapsulating it with/in
more environmentally stable materials. BN has been pro-
posed as the natural candidate for this application and
BN/phosphorene heterostructures have been studied in
a number of recent theoretical works at the DFT level
[10–13].
It is well known though from other 2D-materials that
adsorption, even on materials possessing low dielectric
constants such as BN, can have a significant impact on
their electronic properties [14]. As these effects are often
attributable to long-range screening effects not accounted
for within DFT, many-body electronic structure methods
such as GW are necessary to study them from a theoret-
ical point of view.
Herein, we consider in detail the effects of the interac-
tion of phosphorene with BN on the phosphorene elec-
tronic structure employing recently developed methods
for the accurate computation of electron-correlation ef-
fects within 2D-materials [15]. The effects of screening
are investigated for different numbers of layers of BN on
both sides of phosphorene with particular emphasis be-
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ing placed on the effects of the P/BN interlayer spacing
as well as different P/BN stacking sequences.
II. COMPUTATIONAL DETAILS
The lattice parameters for phosphorene and BN were
obtained using the PBE0 [16] functional combined with
Grimme’s D2 dispersion correction [17]. We chose this
combination of methods as it was shown by Sansone et
al. [18] to yield lattice parameters very close to those ob-
tained from high-level ab-initio calculations. Relaxation
of the monolayer was performed using the CRYSTAL14
program [19, 20] together with a POB-triple-ζ basis set
as described by Peintinger et al. [21].
dint
FIG. 1. The left-hand figure shows a top-on view of the phos-
phorene/BN bilayer supercell used for all multilayer calcula-
tions throughout this work, while the right-hand site shows a
site-on view of the same structure where the definition of the
interlayer spacing has also been indicated.
Heterostructures were modeled via a unit cell consist-
ing of a 1×3 phosphorene supercell and a 1×4 supercell
of the primitive orthorhombic cell of BN. The resulting
cell is shown in figure 1. The maximum resulting strain
within the BN layers is ≈ 4.7 %. Note that we have
tested the robustness of our conclusions against a con-
sistent change in the lattice constant of the phosphorene
monolayer and the P/BN heterostructure and found the
effect to be that of a rigid shift of the band gap with only
a small (≈ 0.03 eV) difference in the change of the band
gap upon formation of the bilayer.
Plane-wave DFT calculations were performed using the
GPAW code [22–25] and employed an energy cutoff of
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2500 eV using a vacuum spacing of 10 A˚. Electron corre-
lation effects on the band gap were taken into account
using the G0W0 method [26] as implemented in GPAW
including recently developed methods accounting for the
dielectric functions long-wavelength behavior in 2D sys-
tems [15, 27]. GW Calculations were performed using a
8× 12 k-grid while the GW -self energy was computed at
three cutoff values up to 110 eV (95 eV, 102 eV, 110 eV)
and subsequently extrapolated to infinity [28, 29].
For multilayer calculations a 8 × 4 k-grid was used.
In all cases the frequency dependence was represented
on a non-linear grid from 0 eV to the energy of the
highest transition included in the basis set. The grid-
spacing was gradually increased starting from 0.15 eV
and reaching 0.3 eV at 2 eV. Lastly, as pointed out by
Rasmussen et al. the efficiency of the analytical correc-
tion around q = 0 depends on the length of the unit
cell along the non-periodic direction. This causes a slow-
ing of the k-grid convergence, when the vacuum spacing
is increased. Though this effect is small at the range of
vacuum-spacings considered in this work (an increase of 6
A˚ in the length of the unit cell along the non-periodic di-
rection resulting in an increase in the band gap of ≈ 0.04
eV) we chose to correct for it by performing calculations
on isolated phosphorene monolayers at their relaxed ge-
ometry within the same supercell used for GW calcu-
lations on P/BN multilayers. The multilayer gap was
then corrected by the difference between the phospho-
rene monolayer in the supercell and that obtained for the
phosphorene unit cell. This procedure was applied to all
multilayer structures considered herein. It is worth not-
ing that this correction is not exact and might lead to an
under- or overestimation of the band gap. While this does
slightly alter the observed band gap behavior it does not
influence our general conclusions. As an example the dif-
ference between the BN/BN/BN/P and BN/BN/P band
gap is reduced from -0.05 eV to -0.02 eV by excluding
the correction at the G0W0@PBE level.
Herein, we further present a possible low-cost alter-
native to the iteration of the GW equations or the use
of computationally demanding hybrid-DFT functionals
as starting points for G0W0 calculations. Our proposed
method consists in the use of the GLLB-SC functional
[30] which provides a low-cost approximation to the
EXX-OEP potential. We show how this allows to obtain
close GW0 quality results at the cost of G0W0@GGA.
The GLLB-SC functional further allows for the calcula-
tion of the quasiparticle gap (EQPg ), i.e. the difference
of the ionization potential and electron affinity, via the
sum of the Kohn-Sham gap and the derivative disconti-
nuity [30, 31]. EQPg values resulting from GLLB-SC+∆xc
have been shown to yield results in close agreement with
experimental results [32].
Though the accuracy of band gaps is clearly improved
by the inclusion of ∆xc and the result of any pertur-
bative method (such as G0W0) should benefit from an
improved starting point, it is unclear as to whether
G0W0@GLLB-SC + ∆xc should be considered as more
accurate than results obtained from a pure Kohn-Sham
starting point, i.e. G0W0@GLLB-SC. This is because, as
pointed out by Yan et al. [33], inclusion of the derivative
discontinuity in the calculation of the dielectric constant
at the RPA level leads to a systematic underestimation
of the static screening and similar findings have been ob-
served e.g. in the case of the HSE03 screened-hybrid
functional [34].
Given this uncertainty regarding the correct com-
putational method, herein we present results at the
G0W0@GLLB-SC + ∆xc, G0W0@GLLB-SC as well as
G0W0@PBE level for all mono- and bilayer systems,
while only G0W0@GLLB-SC and G0W0@PBE results are
given in the tri- and quadrulayer case.
XΓX1.11 eV
XΓX
FIG. 2. The left-hand figure shows the phosphorene band
structure at the GLLB-SC level. On the right-hand site
blowups of the region around the Γ-point show two exam-
ples of the fitting procedure used to obtain the electron/hole
effective masses with the points corresponding to calculate
band-structure values and the lines to the interpolating spline
functions.
III. RESULTS AND DISCUSSION
Monolayer phosphorene
We will begin our discussion by briefly discussing the
electronic structure of the phosphorene monolayer. As
mentioned previously, phosphorene displays anisotropic
band dispersion around the Γ-point resulting in differ-
ent effective masses for electrons/holes along the Γ −X
and Γ − Y directions, respectively. The GLLB-SC band
structure of phosphorene is shown in figure 2.
To quantify the difference in dispersion along Γ−X and
Γ−Y , we computed hole/electron effective masses along
both high-symmetry directions by fitting the VBM/CBM
around the Γ point to splines of order four (using a fitting
range of 0.15 a−10 ) and calculating the second derivative
at the Γ point. For the Γ −X direction, figure 2 shows
a blowup of the phosphorene band structure around the
Γ-point where the data points used for the fit to obtain
3the hole/electron effective mass as well as the fitted spline
function are indicated. Using this procedure, we obtained
electron effective masses of 1.2 me and 0.2 me (me be-
ing the electron rest mass) along the Γ − X and Γ − Y
direction, respectively. The corresponding hole effective
masses are 8.3 me and 0.2 me.
Method
a = 3.31 A˚
b = 4.52 A˚
a = 3.32 A˚
b = 4.42 A˚
G0W0@PBE 1.89 eV 1.72 eV
G0W0@GLLB-SC 2.17 eV 2.01 eV
G0W0@GLLB-SC + ∆xc 2.77 eV 2.56 eV
GLLB-SC+∆xc 1.62 eV 1.45 eV
TABLE I. Band gap data for the phosphorene monolayer as
obtained at different levels of theory. The two columns refer
to calculation done at the PBE0-D2-relaxed lattice param-
eters of phosphorene (a = 3.31 A˚, b = 4.52 A˚) as well as
the average between the PBE0-D2-relaxed phosphorene and
BN lattice constants for the supercell-construction shown in
figure 1 (a = 3.32 A˚, b = 4.42 A˚). GLLB-SC +∆xc refers
to the qusiparticle gap (EQPg ) calculated using the GLLB-SC
functional including the derivative discontinuity.
These results differ only slightly from previous HSE06
data [11] the largest discrepancy being in the hole-mass
along the Γ − X direction for which Hu and Hong re-
port a value of 7.43 me in contrast to our value of 8.3
me though this difference is unsurprising given the dif-
ference in method as well as flatness of the bands. While
all other effective mass values are rather insensitive to
the particular choice of fitting range, the VBM is highly
non-harmonic along the Γ − X direction leading to dif-
ficulties in obtaining an accurate value for the second
derivative. This is indeed also reflected in the literature
with phosphorene Γ−X hole effective mass values rang-
ing from the aforementioned 7.43 me [11] (HSE06) to 6.35
me [4] (optB88-vdW), 4.92 me [35] (PBE) and 1.61 me
[36] (PW91).
As a final stage in the analysis of the phosphorene
monolayer we have calculated its G0W0 band gap us-
ing a number of different methods. Table I provides a
summary of all the data obtained. To demonstrate the
applicability of our approach, we further performed a se-
ries of calculations using the same phosphorene lattice
parameters as those used by Rasmussen et al. [15].
They obtain band gaps of 0.90 eV, 2.03 eV and 2.29 eV
at the PBE, G0W0@PBE and GW0@PBE level respec-
tively. Our values for PBE and G0W0@PBE match
theirs and G0W0@GLLB-SC results in a band gap of
2.30 eV thereby reproducing the results obtained from
GW0@PBE very closely. Lastly for the same struc-
ture we obtain a G0W0@GLLB-SC + ∆xc band gap of
2.94 eV. The good agreement between G0W0@GLLB-SC
and GW0@PBE is especially encouraging given the afore-
mentioned modest costs of the G0W0@GLLB-SC method
as compared to GW0@PBE.
We mention in passing the good results obtained from
GLLB-SC+∆xc which gives a band gap only ≈ 0.26 eV
below the converged G0W0@PBE value. As the compu-
tational requirements for these calculations are on par
with those of GGA calculations, they are a very good
choice for cases in which GW calculations are not fea-
sible. Lastly, we note the decrease of ≈ 0.17 eV in the
phosphorene band gap as its lattice constant is modi-
fied to the average of the relaxed phosphorene and BN
lattice constants. This also is reproduced well at the
GLLB-SC+∆xc level.
Bilayers
P/BN bilayers as schematically shown in figure 1 are
constructed following the lowest-energy relative orien-
tation of phosphorene and BN determined by previous
studies [10, 11]. Atomic positions were then relaxed
at the PBE0-D2 level, while the supercell lattice con-
stants were kept fixed at the relaxed phosphorene values
(a = 3.31 A˚ and b = 4.52 A˚).
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FIG. 3. Phosphorene band gap as a function of the P − BN
interlayer spacing (see figure 1). Horizontal lines are drawn
to indicate the value of the isolated phosphorene band gap at
the different levels of theory while the vertical line indicates
the relaxed PBE0-D2 interlayer spacing.
Interlayer distances for vdW-bound systems are notori-
ously difficult to compute, with competing methods often
providing strongly diverging values (see f.e. the case of
black phosphorus [18]). The corresponding potential en-
ergy surfaces are also in general rather flat, which means
systems can undergo significant changes in the interlayer
spacing due to external pressure, making it important
to obtain results for interlayer spacings other than the
relaxed value for a given DFT functional. We therefore
performed a series of calculations at different interlayer
spacings by rigidly shifting phosphorene with respect to
the BN layer.
Let us first consider the influence the P−BN interlayer
spacing on the phosphorene band gap at different levels
4P BN/P BN/BN/P BN/BN/BN/P BN/P/BN
PBE 0.82 eV 1.01 eV 1.03 eV 1.03 eV 1.21 eV
GLLB-SC 1.11 eV 1.27 eV 1.28 eV 1.28 eV 1.43 eV
GLLB-SC+∆xc 1.62 eV 1.83 eV 1.85 eV 1.85 eV 2.05 eV
G0W0@PBE 1.89 eV 2.06 eV 2.04 eV 1.99 eV 2.22 eV
G0W0@GLLB-SC 2.17 eV 2.30 eV 2.26 eV 2.22 eV 2.44 eV
TABLE II. Band gap data for the phosphorene/BN multilayer systems as obtained at different levels of theory. The P − BN
distance is almost identical (within 0.02 A˚) in all cases and equal to 3.2 A˚ while BN − BN distances are equal to 3.0 A˚. For
comparison, data for the BN/P bilayer and phosphorene monolayer are also shown.
of theory (see figure 3). It is worth iterating at this point
that, as already discussed in the literature [10–12], the
band gap for all structures considered in this work is
clearly localized on the phosphorene layer as the BN-
centered bands lie well outside of the band gap region.
Let us now turn to a closer analysis of figure 3.
The first observation we make is the fact that the
curves for all five methods are nearly parallel to one-
another with an increase of the band gap with in-
creased level of computation i.e. PBE → GLLB-SC →
GLLB-SC+∆xc → G0W0@PBE→ G0W0@GLLB-SC→
G0W0@GLLB-SC + ∆xc though this parallelism is not
maintained fully throughout the curves. While both the
PBE and GLLB-SC+∆xc band gap smoothly converge to
their respective isolated phosphorene values, G0W0 cal-
culations result in a drop below the value obtained of the
phosphorene monolayer at interlayer spacings larger than
≈ 3.8 A˚. This behavior can be understood if we consider
the effects not accounted for within the DFT calculations.
While the increase in band gap for low interlayer spac-
ings is seen in all six curves and likely attributable to local
electrostatic effects accounted for in both DFT as well as
GW calculations, only the latter correctly treat electron
correlation. The dropping of the phosphorene band gap
below its isolated monolayer value is therefore most likely
due to slowly-decaying screening effects. Lastly we note
that, at the relaxed PBE0-D2 interlayer distance, the
band gap of the bilayer is increased with respect to that
of freestanding phosphorene by about 0.2 eV depending
on the method (see table II).
Multilayers
Given the strong dependence of the phosphorene band
gap on the presence of a single BN layer, the question
naturally arises as to how the addition of a second BN
layer might influence the phosphorene’s properties. Here
we have considered two types of P/BN trilayer systems,
i.e. the adsorbed (BN/BN/P) as well as encapsulated
(BN/P/BN) system. In the former case the BN/BN
stacking was chosen as AA’ (i.e. AA stacking with B on
top of N) in accordance with the experimentally most
stable stacking [37] while in both cases the phospho-
rene layer was positioned on the BN layers as in the
bilayer case shown in figure 1. Given the high computa-
tional demand of the calculations we have only performed
G0W0@GLLB-SC and G0W0@PBE calculations, though
results at the G0W0@GLLB-SC + ∆xc level are expected
to be follow the same trends given the high degree of
parallelism seen from the curves in figure 3.
The resulting band gaps at different levels of theory are
shown in table II. As expected from the discussion in the
previous section, the addition of a second BN layer in-
creases the band gap at the DFT-level for both function-
als in the encapsulated as well as deposited case. The in-
crease in the encapsulated system is though much larger
than in the adsorbed one as in the former, the second BN
layer is in direct contact with the phosphorene resulting
in an additive effect from the two BN monolayers. In the
deposited case however the large distance between phos-
phorene and the second BN layer causes the band gap to
only increase slightly at the DFT level (≈ 0.02 eV). At
the G0W0 level the effect is reversed as long-range screen-
ing effects more than compensate for this slight increase,
pushing the band gap of the deposited trilayer slightly
below that of the BN/P bilayer. In order to investigate
whether this trend would continue if the number of BN
layers was to be further increased we have performed cal-
culations also on the BN/BN/BN/P (3×BN/P) quadru-
layer (see table II). Short-range DFT effects are already
saturated at the trilayer and the 3×BN/P DFT gap is
identical to that of the BN/BN/P system. The G0W0
gap on the other hand is reduced by ≈ 0.05 eV as com-
pared to the BN/BN/P result, approaching the value of
freestanding phosphorene. Unfortunately, it is not fea-
sible to examin even larger BN layers to investigate the
long-range decay of the screening.
IV. CONCLUSIONS
We have studied in detail the interaction between phos-
phorene and BN, establishing a strong dependence of the
phosphorene band gap on the P/BN interlayer spacing.
In accordance with previous research [10–12] at the DFT-
level, an increase in the band gap of phosphorene was ob-
served upon adsorption on BN. On the other hand, long-
range screening was found to significantly affect band gap
in multilayered P/BN systems resulting in a lowering of
5the band gap. Given the variation in the band gap as
well as the weakness of the interlayer binding one could
envision employing this or similar stacked multilayers in
the construction of pressure-sensitive devices in the fu-
ture. We hope that this investigation will spark further
research in counteracting static/dynamic effects on the
band gap of vdW-multilayers with varying dielectric con-
stants, thereby paving the way to future devices based on
this type soft band gap control.
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